ABSTRACT: Elevated blood lead levels, a risk factor for cardiovascular disease, have been reported among patients with end-stage renal disease. We evaluated whether these higher levels are due to release of lead from the skeleton because of uremic bone disease. Fifty-one African-American patients with end-stage renal disease were recruited from 3 Tulane University dialysis programs between January and July 2005. An interviewer-administered questionnaire, blood specimen collection and 109 Cd-based x-ray fluorescence measurement of tibia lead occurred during a single study visit. Levels of serum parathyroid hormone (PTH), calcium, phosphorus, and albumin were abstracted from the patients' charts. The distributions of tibia and blood lead were similar across levels of serum PTH. Specifically, for participants with serum PTH Ͻ300 pg/mL and Ն300 pg/mL, median tibia lead was 21 g/g and 17 g/g, respectively, and geometric mean blood lead levels were 6.7 g/dL and 6.6 g/dL, respectively (P ϭ 0.70 and 0.87, respectively). After adjustment for age, gender, education, cigarette smoking, and dialysis vintage, natural log transformed blood lead was 0.022 lower in patients with serum PTH Ն300 pg/mL (P ϭ 0.87). There were no differences in tibia and blood lead across levels of serum calcium, serum phosphorus, and the calcium phosphorus product (all P Ͼ 0.40). The high blood lead levels observed among dialysis patients do not appear to be the result of increased bone turnover. The causes of higher blood lead levels for these patients need to be identified and attenuated. KEY INDEXING TERMS: End-stage kidney disease; Dialysis; Bone lead; Uremic bone disease; X-ray fluorescence. 
D
espite a continued decline over the past 2 decades, blood lead levels in the U.S. population remain directly associated with increased risk for hypertension, kidney disease, and cardiovascular mortality. [1] [2] [3] [4] Kidney injury resulting from lead toxicity can progress to chronic kidney disease and end-stage renal disease (ESRD). Thus, lead exposure represents a potentially reversible cause of kidney disease. [5] [6] [7] [8] The association between lead exposure and kidney injury has been based, generally, on investigations in populations with modest to moderate renal insufficiency and there are only few studies involving end-stage kidney disease patients. 5,8 -11 However, the value of lead measurements in patients with kidney disease has been questioned. The specific concerns are whether elevated lead levels might be secondary to renal insufficiency and whether the alterations in bone metabolism associated with renal disease result in release to circulation of lead sequestered in bone. Such mechanisms might confound the association of blood lead with kidney disease.
It is generally agreed that renal disease, especially mild-to-moderate renal insufficiency per se does not cause retention of lead 6, 12 and that kidney patients without unusual high exposure to lead do not have increased bone lead. 13, 14 Bone metabolic derangements, and calcium, phosphorus, and parathyroid hormone (PTH) abnormalities are more pronounced and more common in dialysis patients, yet the relation between these changes and blood and bone lead levels has not been systematically evaluated previously. Thus, it remains unclear whether increased parathyroid hormone (PTH) and changes in bone metabolism associated with advanced kidney disease influence lead measurements. In this study, we evaluated the relationship between PTH and whole blood lead levels, and tibia lead levels estimated by x-ray fluorescence to determine whether secondary hyperparathyroidism of uremia influences blood and tibia lead levels in patients with ESRD.
Methods

Study Population
Cases of ESRD receiving chronic maintenance hemodialysis treatment were recruited from 3 Tulane University-affiliated dialysis clinics between January and July 2005. The hemodialysis patient population at Tulane-affiliated dialysis clinics was overwhelmingly African-American. Therefore, the current study was limited to African-Americans. During the recruitment process, potential participants were asked if they had ever been told by a physician or other healthcare provider that they had lead poisoning. Those reporting a previous history were excluded from the current study. All women who were pre-menopausal (ie, those reporting a menstrual cycle within the previous 12 months) received a pregnancy test due to the use of radiation in measuring tibia lead. No women were pregnant. Overall, 55 participants met the eligibility criteria and completed the study visit. Of these, 51 had data available for chart abstraction, and were therefore included in the current analyses.
Data Collection
Data collection occurred during a single study visit to the Tulane University Office of Health Research and through medical chart abstraction. Procedures performed during the study visit included participant interviews, assessment of height and weight, a blood specimen collection, and tibia lead measurement. All study procedures were performed by trained study staff following a standardized protocol. Questionnaires were interviewer-administered and used to ascertain demographics, education, cigarette smoking, and alcohol consumption. Height was measured with a stadiometer while participants stood erect and weight was measured with an electronic digital scale while the participant was wearing light clothes. Body mass index was calculated as weight in kilograms divided by height in meters squared.
Measurement of Tibia Lead
Tibia lead was assessed via a 30-minute measurement of the left mid-tibia diaphysis. The system used 109 Cd as the fluorescence source in a backscatter geometry, configured with the sample, to fluoresce the K shell x-rays of lead. The lead x-rays were recorded with an intrinsic germanium detector (Canberra GL2020R, Meriden CT), quantified, and compared with calibration data to estimate the concentration of bone lead present. [15] [16] [17] [18] [19] [20] Because emitted x-rays are attenuated as they pass through bone and overlying tissues, the recorded lead K-shell x-rays are normalized to the number of 109 Cd ␥-rays elastically scattered from the bone itself resulting in a bone lead content measurement that has units of microgram (g) of lead per gram (g) of bone mineral. 15 This provides a measurement accuracy that is independent of several important factors such as the distance between the 109 Cd source and the participant, participant positioning, minor movements by subjects, overlying tissue thickness, and bone size, shape, geometry, and mineral density. The method used has been described in full detail elsewhere and validated against chemical measures of lead in bone. 21 Tibia lead measurements less than zero were recoded as zero.
Measurement of Blood Lead
During the study visit, each participant provided a 14-mL blood specimen. The first 3 mL of blood was collected directly into a certified lead-free Na 2 EDTA royal blue top Vacutainer. This tube was kept refrigerated and shipped on the same day to Quest Diagnostics in Metairie, Louisiana, for blood lead measurement. Blood lead levels were determined using graphite furnace atomic absorption spectrophotometry with a detection limit of 3 g/dL. Because more than 90% of blood lead is bound in red blood cells, it is undialyzable and is not influenced significantly by hemodialysis. 22 Nevertheless, the samples in our population were always collected on an off dialysis day to minimize any possible, even if negligible, effect that hemodialysis treatment may have on blood lead concentration.
PTH, Calcium, and Phosphorus Measurements
Serum PTH, calcium, phosphorus, and albumin levels were abstracted from the patients' medical chart by a trained researcher blinded to the patients' blood and tibia lead levels. The level of each biomarker on the date closest and prior to the study visit was abstracted for each participant. The median time interval between the laboratory measurement and the study visit was 42 days (range, 0 to 90 days) for PTH and 10 days (range, 0 to 37 days) for serum calcium, serum phosphorus, and albumin. Serum calcium was adjusted for albumin by the following formula: adjusted calcium (mg/dL) ϭ calcium (mg/dL) -((4.0 -albumin (g/dL)) * 0.8). 23 Calcium phosphorous product was calculated as albumin adjusted serum calcium multiplied by serum phosphorous. We dichotomized PTH (Ͻ300 pg/mL and Ն300 pg/mL), serum calcium (Ͻ9 mg/dL and Ն9 mg/dL), serum phosphorus (Ͻ5.5 mg/dL and Ն 5.5 mg/dL), and calcium phosphorus product (Ͻ55 mg 2 /dL 2 and Ն55 mg 2 /dL 2 ) based on clinical guidelines recommended by The National Kidney Foundation Kidney Disease Outcomes Quality Initiative (NKF KDOQI). 24 All data were double entered into Microsoft Access. The study protocol was approved by the Tulane University Health Sciences Center Institutional Review Board. Written informed consent was obtained from all participants prior to enrollment in the current study.
Statistical Methods
Characteristics of the study population were calculated, as means and proportions, by PTH, serum calcium, serum phosphorus, and calcium phosphorus product levels. Differences in these characteristics across levels were calculated by t tests and 2 tests for continuous and dichotomous variables, respectively. Box plots of blood and tibia lead, separately, were created by PTH, serum calcium, serum phosphorus, and calcium phosphorus product levels. Next, scatter plots of PTH, serum calcium, serum phosphorus, and calcium phosphorus product, separately, versus blood lead were graphed, and a best-fit regression line was modeled for each pair of variables. Due to its skewed distribution, blood lead was natural log-transformed for the regression model. Geometric mean blood lead levels were calculated by age, sex, cigarette smoking status, body mass index, dialysis vintage, and levels of PTH, serum calcium, serum phosphorus, and calcium phosphorus product. Finally, the mean difference in natural logtransformed blood lead across covariate levels and PTH, serum calcium, serum phosphorus, and calcium phosphorus product levels was determined using linear regression. Initial regression models included adjustment for age and gender, with subsequent models including additional adjustment for education, smoking status, and dialysis vintage. All data management and analysis was conducted using SAS (version 9.1; SAS Institute, Cary, NC).
Results
Females were more likely than males to have a PTH level Ն300 pg/mL, a serum phosphorus level Ն5.5 mg/dL, and a calcium phosphorus product level Ն55 mg/dL, but the percentage of females and males with serum calcium levels Ն9 mg/dL were similar (Table 1) . No other significant differences in PTH levels, serum calcium, serum phosphorus, or calcium phosphorus levels were present across covariate levels.
Overall, the geometric mean blood lead level was 6.6 g/dL and the median tibia lead level was 17 g/g. Box plots showed no significant differences in the distribution of blood and tibia lead when categorized by PTH, serum calcium, serum phosphorus, and calcium phosphorus product levels ( Figure 1) . Also, blood lead levels were slightly higher at higher PTH, serum calcium, serum phosphorus, and calcium phosphorus product levels, but these differences were not statistically significant (all P Ͼ 0.25, Figure 2 ). ESRD patients 50 years of age or older had a higher geometric mean blood lead level compared with their counterparts less than 50 years of age. Meanwhile, the geometric mean blood lead level was non-significantly higher in males compared to females, at higher body mass index, among nonsmokers, and persons who had started dialysis within 3.4 years, the median dialysis vintage of study participants, before their study visit (Table 2) . Geometric mean blood lead levels were similar across levels of PTH, serum calcium, serum phosphorus, or calcium phosphorus product (all P Ͼ 0.75). After adjustment for age and gender, PTH, calcium, phosphorus, or calcium phosphorus product were not associated with higher blood lead levels (Table 3 ). This finding was unaffected by further adjustment for smoking status, education, and dialysis vintage.
Discussion
The key finding in this study is that neither blood lead levels nor tibia lead levels were associated with parameters of high bone turnover in a cohort of 51 hemodialysis patients. Specifically, blood lead concentrations were not higher in patients with PTH values Ͼ300 pg/mL, and did not correlate with other parameters of bone metabolism, such as serum calcium, serum phosphorus, or calcium phosphorus product. These data are important as prior reports on the relationship between PTH and blood lead levels have been contradictory.
In a study of 342 bus drivers, Osterloh 25 did not find an association between PTH and blood lead when the 25 highest and 25 lowest blood lead values were compared for PTH values. In the same study, among 8 women with postmenopausal osteoporosis 1 year after treatment with PTH, calcitonin, and oral calcium, a significant reduction in blood lead concentrations was found. This suggests a relation between higher blood lead and a decrease in bone mass. In a later study of 15 patients with hyperparathyroidism, Osterloh and Clark 26 observed a statis- tically significant 14% reduction in blood lead concentrations after parathyroidectomy. However, when this decline was compared with changes in blood lead concentrations in control subjects and a reference group, the difference was no longer statistically significant, and the authors concluded that "in the high bone turnover state of hyperparathyroidism, blood lead concentrations are not likely to be different from other individuals." The power of this study was limited however, and the authors could not rule out the possibility that hyperparathyroidism could influence blood lead levels.
A more recent study that included 60 patients with primary hyperparathyroidism also failed to find a significant decrease in blood lead concentrations after parathyroidectomy. Initial blood levels were not different between patients with primary hyperparathyroidism and their normal healthy control counterparts, and the authors concluded that hyperparathyroidism does not lead to "hazardous lead release from bone." 27 Only in patients with PTH levels Ͼ150 pg/mL (n ϭ 23) was there a modest but statistically significant reduction in blood lead and urinary lead excretion subsequent to the parathyroidectomy. The authors also noted a significant correlation between PTH and blood lead concentration in this subgroup of their patients. This suggests that severe hyperparathyroidism may cause release of lead from bone into blood. However, overall, bone resorption was not an important mechanism contributing to elevated blood lead levels.
In sum, previous studies examining the relation between PTH and blood lead concentrations are confined to relatively small numbers of patients with primary hyperparathyroidism and normal kidney function. These studies remain equivocal as to whether hyperparathyroidism significantly influences blood lead levels. The absence of a significant relation in these populations could be attributed in part to scarcity of patients with an abnormal body burden of lead. In such patients, the total bone lead stores would be relatively small and changes due to PTH effects may not therefore be easily detectable. Even in patients with markedly elevated bone lead stores, the absolute magnitude of lead would be 5 to 6 orders of magnitude lower than bone calcium, and a 10% to 15% increase in blood lead concentration after bone resorption could not easily be detected above blood lead measurement error. It is also possible that bone lead may be sequestered in a less accessible compartment, and may be relatively resistant to resorption.
In the current study, we examined the relation between PTH and tibia lead in a group of patients with ESRD. Thirty of 51 patients in this study had PTH levels Ն300 pg/mL and could be considered to have secondary hyperparathyroidism. 24 Yet, there were no differences between blood and tibia lead levels in these patients compared with values in 14 dialysis patients who had "normal" PTH values (150 to 299 pg/mL) or 7 patients with "low" PTH values (Ͻ150 pg/mL). These observations indicate that PTH status does not influence blood or bone lead concentrations in ESRD patients on maintenance hemodialysis. The absence of an effect of PTH on blood and tibia lead concentrations is demonstrated by lack of correlations between PTH and blood and tibia lead concentration levels, as well as absence of differences in these measurements in the subgroup with elevated PTH levels. Our study is unique in that it evaluated this relation in a relatively large number of dialysis patients, and it included bone lead measurements by x-ray fluorescence. Furthermore, the geometric mean blood lead concentration in these patients was 6.6 g/dL, with 8 patients having blood lead concentrations above 10 g/dL. Thus, this study represents a group of patients with higher blood lead levels then the US general population. 2 Similarly, the median bone lead concentration by x-ray fluorescence was 17 g/g, including 20 patients with concentrations over 20 g/g, consistent with a moderately increased body burden of lead. 13, 14 Most of the patients enrolled in the current study were from poor neighborhoods in urban New Orleans, and therefore it is not surprising that they have relatively high lead exposure when compared to the general U.S. population. Nevertheless, given the moderately increased blood and bone lead levels, the absence of a relation between PTH and blood and bone lead levels in these ESRD patients increases the confidence in the conclusion that PTH does not have a significant effect on bone metabolism of lead. Based on the results of the current study, blood and bone lead measurements can be interpreted as accurate parameters of patients' lead exposure regardless of PTH or kidney function.
